INTRODUCTION
============

The use of combination antiretroviral therapy (cART) greatly extends the life expectancy of AIDS patients. However, the dormancy of HIV-1 as latent reservoirs, mainly existing in resting CD4^+^ T cells, confers viral escape from host immune surveillance and/or the effect of cART ([@R1]--[@R3]). "Shock and kill" is an actively pursued HIV-1 cure strategy, which relies on the use of latency-reversing agents (LRAs) in the presence of cART to purge HIV-1 latent reservoirs without the induction of global T cell activation, which renders the elimination of CD4^+^ T cells harboring HIV-1 proviruses either by viral cytopathic effects (CPEs) or by host immunity, especially the cytolytic T lymphocytes (CTLs) ([@R4], [@R5]). However, most of the currently used LRAs, including the histone deacetylase (HDAC) inhibitor vorinostat (also termed SAHA), are unable to reduce HIV-1 latent reservoirs merely by themselves in the clinical setting, despite their potency to induce viral expression of latently infected HIV-1 proviruses ([@R5]--[@R7]).

Such current failure indicates that LRAs are able to "shock" but unable to "kill" reservoir cells. HIV-1 uses cellular caspase-dependent or -independent mechanisms to kill host cells in the acute phase, which is mainly exemplified in activated CD4^+^ T cells ([@R8]). However, both laboratory and clinical studies indicate that CD4^+^ T cells and macrophages harboring HIV-1 latent reservoirs have inherent resistance to CTL-mediated cell killing ([@R9], [@R10]). It was also shown that viral CPEs induced by HIV-1 reactivation are not sufficient to lead to the death of reservoir cells ([@R7]). One possible explanation is that although HIV-1 reactivation induces viral CPEs via one arm, there might be another arm by which HIV-1 reactivation at the same time also turns on certain cell survival mechanisms that hamper virus-induced cell death. For the shock-and-kill cure approach to function, we will probably need to focus more on the kill strategies to facilitate the death of reservoir cells. One idea is to activate HIV-1--specific immune clearance ([@R7]). However, immune activation is often nonspecific and may lead to autoimmunity. Lately, there have been several reports demonstrating that certain compounds are capable of enhancing the death of HIV-1--reactivated cells or reducing viral reservoirs ([@R11]--[@R13]). Although these findings are encouraging, such compounds have received only limited investigation thus far. For example, it is unknown whether these compounds could also facilitate the death of host cells permitting the low-level replication of HIV-1, which represents the neglected "active latency" status and is responsible for replenishing HIV-1 viral reservoirs in lymph nodes even under the pressure of cART ([@R14]). Therefore, we would like to understand the common cell survival mechanisms associated with both HIV-1 reactivation from latency and HIV-1 de novo infection, which can be targeted to facilitate the elimination of HIV-1 viral reservoirs.

Cell survival or death has long been treated as the physiological outcome of cell cycle control ([@R15]), in which Polo-like kinase 1 (PLK1) plays a vital role especially for the checkpoint of G~2~-to-M transition. Among five known PLKs, PLK1 is the primary one due to its engagement in regulating essentially all of the cell cycle phases, as well as DNA replication, DNA damage response, meiosis, and other "noncanonical" functions ([@R16]). Beyond cell cycle regulation, PLK1 is also involved in cell survival signaling through the control of pro- and anti-apoptotic machinery. It was shown that some crucial proteins involved in cell survival, including anti-apoptotic Survivin, Stat3, MCL-1, and Bcl-2 ([@R17]--[@R19]), or pro-apoptotic Bax, p53, and p73 ([@R20]--[@R22]), are positively or negatively regulated by PLK1, respectively. PLK1-mediated cell survival signaling may also be subjected to the upstream regulation of PLK2 in the scenario of mitochondrial dysfunction ([@R23]). Therefore, in nondividing cells, PLK1 is able to functionally contribute to cell survival through its distinct activity other than cell cycle regulation. Most of the above PLK1 studies have focused on the role of PLK1 in cancer(s). It has been noted that PLK1 expression is elevated in various human cancers, and abnormally elevated expression of PLK1 is often linked to tumor aggressiveness and poor clinical prognosis ([@R24]). Because both in vitro and in vivo studies showed that the depletion of PLK1 reduces cell survival as well as tumor growth without affecting normal cells, PLK1 inhibitors that disarm its functional kinase domain, reduce its gene expression, or disrupt its interaction with other pivotal cofactors have been actively developed and tested for anticancer therapy ([@R25], [@R26]), while inhibitors targeting PLK1 kinase activity are the most commonly employed ones. In this study, we demonstrate that PLK1 plays a critical role in maintaining the cell survival status of HIV-1--infected CD4^+^ T cells, a role that has not previously received sustained research attention. We further evaluated the potential of PLK1 kinase inhibitors to facilitate the "killing" of HIV-1--infected CD4^+^ T cells and the reduction of HIV-1 viral reservoirs in primary resting CD4^+^ T cells isolated from HIV-1--infected, aviremic subjects ex vivo.

RESULTS
=======

HIV-1 reactivation from latency leads to the elevation of PLK1 protein level
----------------------------------------------------------------------------

We determined the protein level of PLK1 in CA5 cells, a Jurkat T cell--derived HIV-1 latency cell line harboring replication-competent, green fluorescent protein (GFP)--reporting HIV-1 genome, which were reactivated by tumor necrosis factor--α (TNFα) that induces NF-κB signal. HIV-1 was robustly reactivated in CA5 cells, leading to the elevation of PLK1 protein level that was measured by either immunoblotting ([Fig. 1A](#F1){ref-type="fig"}) or intracellular immunostaining ([Fig. 1B](#F1){ref-type="fig"}). The basal protein and mRNA levels of PLK1 were similar between Jurkat and CA5 cells (fig. S1, A and B). Elevation of PLK1 protein level was observed in CA5 cells treated with TNFα at both low and high doses (fig. S1, C and D). However, there were no such changes in TNFα-treated parental Jurkat cells ([Fig. 1, C and D](#F1){ref-type="fig"}, and fig. S1E). We also tested whether HIV-1 LRAs also have such an effect. Protein kinase C (PKC) agonists (ingenol, prostratin, and bryostatin), HDAC inhibitors (SAHA), and BET inhibitors (JQ1) were used to reactivate latent HIV-1 in CA5 cells ([Fig. 1E](#F1){ref-type="fig"}). Jurkat cells were also treated with these LRAs ([Fig. 1F](#F1){ref-type="fig"}). PKC agonists slightly increased the PLK1 protein level in CA5 cells but markedly decreased it in Jurkat cells. Such effect of ingenol was dose dependent and correlated with ingenol-induced HIV-1 reactivation (fig. S1, F to H). BET inhibitor (BETi) JQ1 moderately increased the PLK1 protein level in CA5 cells while slightly decreasing it in Jurkat cells. HDAC inhibitor SAHA had no effect on PLK1 protein level, likely due to its weak latency-reversing potency in CA5 cells (fig. S1I). The further analysis of PLK1 mRNA level indicated that this LRA treatment causes the reduction of PLK1 transcription to a similar level in both CA5 and Jurkat cells, while TNFα had no such effect (fig. S1, J and K). This indicated that the tested LRAs may have an intrinsic effect leading to the down-regulation of PLK1 gene expression at the transcriptional level and thus likely impair survival of reservoir cells, but LRA-induced HIV-1 reactivation increases the PLK1 protein level that probably counteracts the LRA-mediated PLK1 down-regulation and benefit the survival of HIV-1--reactivated cells. Treatment of J-Lat A2 cells, a Jurkat-derived latency cell line harboring the HIV-1 "LTR-Tat-IRES-GFP" mini-genome, and J-Lat 10.6 cells, also a Jurkat-derived latency cell line harboring a near full-length HIV-1 genome deficient in both *env* and *nef* with inserted GFP, failed to cause the elevation of PLK1 protein (fig. S2, A to C). This indicated that some certain viral components missed from the HIV-1 genome mediate such effect, likely *env* and/or *nef*.

![HIV-1 reactivation from latency increases the protein level of PLK1.\
(**A** and **C**) HIV-1 reactivation (GFP) and total PLK1 protein in CA5 (A) and Jurkat (C) cells treated with TNFα (10 ng/ml) or PBS \[with 1% of bovine serum albumin (BSA)\] were measured by flow cytometry and immunoblotting, respectively. (**B** and **D**) Intracellular PLK1 protein level in CA5 (B) and Jurkat (D) cells was measured by immunostaining and flow cytometry. PLK1 was stained by anti-PLK1 primary antibody and subsequent Alexa Fluor 647 (far red)--labeled secondary antibody. For dual-color flow cytometry, cells were gated into four quadrants (B), and (Q1 + Q2) indicates the cell population with the increased PLK1 protein. The mean fluorescence intensity (MFI) was calculated from three independent experiments (\*\*\**P* ≤ 0.001; n.s., not significant, Student's *t* test). (**E** and **F**) Total protein level of PLK1 in CA5 (E) and Jurkat (F) cells treated with LRAs \[ingenol (10 nM), prostratin (500 nM), bryostatin (10 nM), SAHA (1 μM), and JQ1 (1 μM)\] or DMSO was measured by immunoblotting. (**G**) HIV-1 latency was established in human T~CM~-like primary CD4^+^ T cells using DHIV. (**H** and **I**) Intracellular PLK1 protein (top) and reactivated HIV-1 Gag p24 protein (bottom) in HIV-1 latently infected primary CD4^+^ T cells of one representative donor (H) or noninfected ones of the same donor (I) that were treated with ingenol, TNFα, anti-CD3/CD28 antibodies, or PBS were measured by Zenon dual-color staining (Alexa Fluor 647 for PLK1 and Alexa Fluor 488 for Gag p24) and flow cytometry. Results from three donors were calculated (\**P* ≤ 0.05, \*\*\**P* ≤ 0.001, \*\*\*\**P* ≤ 0.0001, one-way ANOVA).](aba1941-F1){#F1}

We further validated that HIV-1 reactivation induces elevation of PLK1 protein level in a primary CD4^+^ T cell model, which allows the establishment of HIV-1 latency in the in vitro nonpolarized central memory CD4^+^ T cells (T~CM~) by using VSV-G pseudo-typed DHIV viruses with *env* deletion ([Fig. 1G](#F1){ref-type="fig"}) ([@R27]). HIV-1 reactivation was induced by treating these cells with ingenol, TNFα, and CD3/CD28 antibodies, followed by immunostaining-based measurement of PLK1 and HIV-1 Gag p24 expression ([Fig. 1H](#F1){ref-type="fig"}). TNFα was unable to reactivate latent HIV-1 likely due to the extremely low expression of the TNFα receptor (TNFR) in T~CM~ cells ([@R28]), resulting in no increase of PLK1. However, treatment of ingenol and CD3/CD28 antibodies caused the elevation of PLK1 protein level, which correlated with their latency-reversing potency ([Fig. 1H](#F1){ref-type="fig"}) ([@R29]). As a negative control, treatment of the same primary CD4^+^ T cells without HIV-1 proviruses with ingenol and CD3/CD28 antibodies had no effect on PLK1 protein level ([Fig. 1I](#F1){ref-type="fig"}). Thus, these results support the idea that HIV-1 reactivation from latency increases the PLK1 protein level.

HIV-1 de novo infection in CD4^+^ T cells leads to the elevation of PLK1 protein level
--------------------------------------------------------------------------------------

We next determined whether HIV-1 de novo infection also affects PLK1 protein level. Jurkat cells were infected with wild-type HIV-1 IIIB viruses. PLK1 protein level, but not its mRNA level, increased due to HIV-1 IIIB de novo infection in Jurkat cells ([Fig. 2, A and B](#F2){ref-type="fig"}). The protein level of other PLKs, such as PLK2 and PLK4, was not affected by HIV-1 infection ([Fig. 2C](#F2){ref-type="fig"}), indicating that HIV-1 specifically induces PLK1. Elevation of PLK1 protein level was also confirmed by immunostaining of HIV-1 IIIB--infected Jurkat cells ([Fig. 2D](#F2){ref-type="fig"}). Such change correlated with expression of HIV-1 Gag p24 protein ([Fig. 2, A and D](#F2){ref-type="fig"}). Infection of Jurkat cells with VSV-G pseudo-typed DHIV viruses also led to the elevation of PLK1 protein level, but not its mRNA level ([Fig. 2, E and F](#F2){ref-type="fig"}). To rule out the idea that it is a cell type--specific event, we confirmed the elevation of PLK1 protein level by intracellular immunostaining in HIV-1 IIIB--infected MAGI-HeLa cells, a HeLa-derived cell line stably expressing human CD4 molecule and thus permitting HIV-1 infection ([Fig. 2G](#F2){ref-type="fig"}). We also confirmed that HIV-1 IIIB de novo infection of activated primary CD4^+^ T cells leads to the elevation of PLK1 protein level ([Fig. 2H](#F2){ref-type="fig"}). Overall, these results show that HIV-1 de novo infection increases PLK1 protein level, similar to the scenario of HIV-1 reactivation from latency.

![HIV-1 de novo infection increases the protein level of PLK1.\
(**A** to **C**) PLK1 (A) and PLK2 and PLK4 (C) in Jurkat cells infected with HIV-1 IIIB (MOI = 1) were measured by immunoblotting. mRNA of PLK1 (B) was measured by RT-qPCR and calculated from three independent experiments (two-way ANOVA). (**D**) PLK1 and HIV-1 Gag p24 in Jurkat cells infected with HIV-1 IIIB or mock at 7 days post infection (dpi) were measured by Zenon dual-color staining. Results were calculated from three independent experiments (\*\*\**P* ≤ 0.001, Student's *t* test). (**E** and **F**) Protein (E) and mRNA (F) levels of PLK1 in Jurkat cells infected with VSV-G pseudo-typed DHIV (20 ng/ml) were measured by immunoblotting and RT-qPCR, respectively, at 3 dpi. HIV-1 *gag* mRNA was measured by RT-qPCR. RT-qPCR data were calculated from three independent experiments (Student's *t* test). (**G**) PLK1 protein in MAGI-HeLa cells infected with HIV-1 IIIB (MOI = 1) at 3 dpi was measured by immunofluorescence (Alexa Fluor 488). Results were calculated from three independent experiments (\*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001, Student's *t* test). (**H**) PLK1 and HIV-1 Gag p24 in CD4^+^ T cells infected with HIV-1 IIIB (MOI = 1) or mock at 7 dpi were measured by Zenon dual-color staining. Results were calculated from three donors (\*\**P* ≤ 0.01, Student's *t* test). (**I** and **J**) PLK1 and HIV-1 Gag p24 (I), as well as cell death (J) of CD4^+^ T cells infected with HIV-1 NL4-3, NL4-3 ∆Nef (MOI = 1), or mock were measured by Zenon dual-color staining and LIVE/DEAD staining, respectively, at 10 dpi. Results were determined from three replicate experiments (\*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001, two-way ANOVA).](aba1941-F2){#F2}

We next determined which viral protein may mediate the HIV-1--induced elevation of PLK1 protein. As we described, PLK1 protein is not elevated in TNFα-treated J-Lat A2 and 10.6 cells (fig. S2, A to C); however, reactivation of latent VSV-G pseudo-typed DHIV virus (intact *nef,* deleted *env*) ([Fig. 1H](#F1){ref-type="fig"}) or its de novo infection ([Fig. 2E](#F2){ref-type="fig"}) still increases PLK1 protein level, which suggested that HIV-1 Env protein might not be involved. We postulated that the HIV-1 Nef protein is the viral factor that contributes to such effect. It was confirmed by our results showing that stable expression of HIV-1 Nef protein in Jurkat cells led to the increase of PLK1 protein (fig. S2D). Incubation of Jurkat cells with recombinant Nef (rNef) protein also led to the increase of PLK1 protein without causing any obvious cell cytotoxicity (fig. S2, E and F). Next, we used the full-length, replication-competent HIV-1 NL4-3 virus and its *nef*-deficient version (NL4-3 ∆*nef*) to determine the effect of HIV-1 *nef* on PLK1. Consistently, *nef* deficiency abolished the elevation of PLK1 protein induced by infection of HIV-1 NL4-3 virus in Jurkat (fig. S2, G and H) as well as primary CD4^+^ T cells ([Fig. 2I](#F2){ref-type="fig"}). It is known that HIV Nef protein benefits cell survival ([@R30]). Aligning with this, we also found that *nef* deficiency promotes more death of HIV-1 NL4-3 virus--infected Jurkat (fig. S2I) as well as primary CD4^+^ T cells ([Fig. 2J](#F2){ref-type="fig"}). Overall, our results support the idea that HIV-1 Nef is the viral factor that not only contributes to the elevation of PLK1 protein but also enhances cell survival.

HIV-1--induced PLK1 elevation is blocked by inhibition of PI3K and AURKA
------------------------------------------------------------------------

It is intriguing to determine which cellular signaling pathway mediates HIV-1--induced PLK1 elevation. It has been reported that PLK1 cross-talks with the phosphoinositide 3-kinase (PI3K) pathway, which mutually affect each other's activity ([@R31], [@R32]), and that the combinatory inhibition of PLK1 and PI3K is an encouraging anticancer therapy ([@R33]). We first examined whether PI3K is required for HIV-1--induced PLK1 elevation by using three PI3K inhibitors, LY294002, wortmannin, and 3-methyladenine (3-MA). In the scenario of HIV-1 reactivation from latency, CA5 cells were treated with TNFα to induce HIV-1 reactivation, followed by the treatment of PI3K inhibitors or dimethyl sulfoxide (DMSO) control. Measured by intracellular immunostaining, PLK1 protein level was elevated due to TNFα-induced HIV-1 reactivation in CA5 cells, which was significantly impaired by all three PI3K inhibitors (fig. S3A). PI3K inhibitors had no such effect on the basal PLK1 protein level in Jurkat cells treated with TNFα (fig. S3B). In the scenario of HIV-1 de novo infection, Jurkat cells were infected with HIV-1 IIIB viruses, followed by the treatment of PI3K inhibitors or DMSO control. PLK1 protein level was elevated due to HIV-1 de novo infection in Jurkat cells, which was also significantly impaired by all three PI3K inhibitors, while these compounds had no effect on the basal PLK1 protein level (fig. S3C). These data suggest that PI3K kinase activity is required for HIV-1--induced PLK1 elevation. It is worthy to mention that three PI3K inhibitors had a certain moderate but distinct effect on HIV-1 reactivation (fig. S3A) or HIV-1 replication (fig. S3C), but overall, all these compounds consistently block HIV-1--induced PLK1 elevation.

It was reported that PLK1 is regulated by the aurora kinase A (AURKA)--Bora signal, in which Bora acts as a scaffold and molecular chaperone to support the unfolding of PLK1 kinase motif while AURKA is recruited to phosphorylate and activate PLK1 ([@R34]). In addition, it was shown that HIV-1 infection increases the expression of AURKA ([@R35]), suggesting that the AURKA-Bora signal could be involved in HIV-1--induced PLK1 elevation. We determined the protein level of AURKA and Bora, as well as the phosphorylation level of AURKA (T288) and PLK1 (T210), the active form of these kinases in cell cycle control, in CA5 or Jurkat cells undergoing HIV-1 reactivation or HIV-1 de novo infection, respectively. The results showed that the protein level of AURKA and PLK1 was increased due to HIV-1 reactivation and HIV-1 de novo infection (fig. S3, D and F), but not in the TNFα-treated and mock-infected Jurkat cells (fig. S3, E and F). However, the protein level of Bora and the phosphorylation level of AURKA and PLK1 were not increased by HIV-1. We next determined whether AURKA kinase is required for HIV-1--induced PLK1 elevation. Similar to PI3K inhibitors (fig. S3, A to C), we treated HIV-1--reactivated CA5 cells and HIV-1 de novo infected Jurkat cells with two AURKA kinase inhibitors, alisertib and tozasertib, followed by the measurement of PLK1 protein level via intracellular immunostaining and flow cytometry. Both AURKA kinase inhibitors impaired the elevation of PLK1 protein induced by HIV-1 reactivation in CA5 cells (fig. S3G), compared to their control groups in Jurkat (fig. S3H). A similar case was seen in the de novo infection of HIV-1 IIIB in Jurkat cells (fig. S3I). We noticed that a certain AURKA kinase inhibitor (alisertib) has the intrinsic effect to induce PLK1 in all treated cells irrelevant to HIV-1 (fig. S3, G to I), likely due to its off-target effect, because such effect of another AURKA kinase inhibitor (tozasertib) was not obvious. Overall, our studies of the cellular signals involved in HIV-1--induced PLK1 elevation suggested that PI3K and AURKA protein kinases are both required.

HIV-1 enhances PLK1 nuclear localization and protein stabilization through its SUMOylation
------------------------------------------------------------------------------------------

Our further investigation using confocal microscopy revealed that HIV-1 IIIB infection of MAGI-HeLa cells causes more nuclear distribution of PLK1 protein ([Fig. 3A](#F3){ref-type="fig"}). We also confirmed this in the scenario of HIV-1 reactivation from latency by immunoblotting of PLK1 protein in fractionated nuclear and cytoplasmic extractions of TNFα-treated CA5 cells. It clearly showed that the PLK1 protein level in nuclei, correlating with that in whole cell lysate, is significantly higher in TNFα versus mock-treated \[phosphate-buffered saline (PBS)\] CA5 cells ([Fig. 3B](#F3){ref-type="fig"}). However, the PLK1 protein level in the cytoplasm is only slightly increased due to TNFα treatment ([Fig. 3B](#F3){ref-type="fig"}). As a negative control, TNFα treatment of Jurkat cells had no such effect, indicating that it is due to HIV-1 reactivation but not TNFα per se ([Fig. 3C](#F3){ref-type="fig"}). There was a recent report showing that protein stability of PLK1 was reinforced through its SUMOylation, followed by its nuclear translocation ([@R36]). We speculated that HIV-1--induced nuclear accumulation of PLK1 protein is likely due to the increase of its SUMOylation. We immunoprecipitated (IPed) endogenous PLK1 protein from TNFα or mock-treated CA5 cells, and normalized the input for immunoblotting of SUMOylation. TNFα treatment of CA5 cells substantially increased the PLK1 SUMOylation ([Fig. 3D](#F3){ref-type="fig"}), while there was no such effect in TNFα-treated Jurkat cells ([Fig. 3E](#F3){ref-type="fig"}). Meanwhile, it was reported that the proteasome-dependent degradation affects PLK1 protein stability ([@R37]). We found that MG132 had no effect on PLK1 protein level in TNFα-treated CA5 cells (fig. S4, A and B) but increased it in Jurkat cells (fig. S4C), while MG132 showed a similar increasing effect between CA5 and Jurkat cells in the mock (PBS) condition (fig. S4, B and C), indicating that the proteasome activity is not relevant to HIV-1--induced elevation of PLK1 protein. An earlier report showed that the SUMOylation of PLK1 suppresses its protein ubiquitination and subsequent proteasome-dependent degradation ([@R36]), which could explain why HIV-1--induced PLK1 SUMOylation enhances its protein stability. We further determined the impact of PLK1 inhibition on its SUMOylation, using a PLK1-specific inhibitor, SBE 13 HCl, which targets PLK1 inactive kinase conformation. There was an obvious reduction of PLK1 SUMOylation in both CA5 and Jurkat cells that were treated with SBE 13 HCl with or without TNFα stimulation, while SBE 13 HCl only caused a slight decrease in total protein level of PLK1 ([Fig. 3, F and G](#F3){ref-type="fig"}). Together, our observation determines that HIV-1 causes the nuclear accumulation of PLK1 protein likely due to the increase of PLK1 SUMOylation, which hinders its proteasome-dependent degradation.

![HIV-1 increases the protein stability and nuclear accumulation of PLK1 through its SUMOylation.\
(**A**) Intracellular PLK1 and HIV-1 Gag p24 in MAGI-HeLa cells de novo infected with HIV-1 IIIB (MOI = 1) or mock at 3 dpi were measured by Zenon dual-color staining and confocal microscopy. MFI of PLK1 protein in the cytoplasm versus nucleus was determined by analyzing eight fields from four independent experiments (\*\*\*\**P* ≤ 0.0001, two-way ANOVA). (**B** and **C**) PLK1 protein level in whole cell lysates or the nuclear and cytoplasmic extractions of TNFα-treated CA5 (B) or Jurkat (C) cells were measured by immunoblotting. The intensity of PLK1 protein was quantified and normalized to the loading controls (GAPDH for whole cell lysates and cytoplasmic fractions, histone H3 for nuclear fraction). Results were calculated from three independent experiments (\**P* ≤ 0.05, \*\*\*\**P* ≤ 0.0001, two-way ANOVA). (**D** and **E**) The SUMOylated PLK1 protein in CA5 (D) or Jurkat (E) cells treated with TNFα or PBS was measured by immunoprecipitation (IP) and immunoblotting. Endogenous PLK1 was IPed using its monoclonal antibody. Loading of protein samples was adjusted to assure a similar amount of IPed PLK1 for immunoblotting of SUMOylation. (**F** and **G**) CA5 (F) and Jurkat (G) cells were stimulated with TNFα, followed by the treatment of the PLK1-specific inhibitor SBE 13 HCl (40 μM) for 48 hours. Endogenous PLK1 was IPed and subjected to the detection of its SUMOylation. Loading of samples was adjusted to assure a similar amount of IPed PLK1.](aba1941-F3){#F3}

PLK1 inhibition promotes the cell death of HIV-1--infected cells
----------------------------------------------------------------

Given the known functions of PLK1 supporting cell survival ([@R17]--[@R23]), we hypothesized that inhibition of PLK1 protein would promote death of HIV-1--infected cells. Treatment of CA5 cells with SBE 13 HCl only led to the weak reactivation of latent HIV-1 even at high concentrations (fig. S5A). For the cell death analysis, we carefully determined the value of 50% cytotoxic concentration (CC~50~) for SBE 13 HCl in CA5, Jurkat, and primary CD4^+^ T cells, which are all at a similar range (fig. S5, B to D). We confirmed that compared with control groups (DMSO), treatment of SBE 13 HCl (40 μM) causes more cell death, measured by the LIVE/DEAD assay, in CA5 cells stimulated with ingenol, ingenol + JQ1, or TNFα, respectively ([Fig. 4A](#F4){ref-type="fig"}). However, in Jurkat cells with the same treatments, SBE 13 HCl did not show such an effect ([Fig. 4B](#F4){ref-type="fig"}). At this dose (40 μM), SBE 13 HCl alone showed no obvious cytotoxicity in CA5 and Jurkat cells, nor did it have an effect on reactivation of latent HIV-1 in CA5 cells (fig. S5, E and F). Among these LRAs, ingenol + JQ1 alone showed a considerable cytotoxicity to CA5 cells, likely due to the efficient HIV-1 reactivation. Alternatively, we also measured the viability of the above cells by adenosine 5′-triphosphate (ATP)--based assays. Consistently, the combination of LRAs, especially ingenol and ingenol + JQ1, with SBE 13 HCl markedly reduced cell viability in CA5 cells (fig. S6A) but not in Jurkat cells (fig. S6B).

![Inhibition or depletion of PLK1 promotes the cell death of HIV-1--infected CD4^+^ T cells.\
(**A** and **B**) Cell death and HIV-1 reactivation in CA5 (A) or Jurkat (B) cells treated with ingenol (10 nM), ingenol (10 nM) + JQ1 (1 μM), or TNFα (10 ng/ml), followed by the further incubation with SBE 13 HCl (40 μM), were measured by the LIVE/DEAD assay. Results were calculated from three independent experiments (\*\*\**P* ≤ 0.001, \*\*\*\**P* ≤ 0.0001, two-way ANOVA). (**C**) Jurkat cells were de novo infected with HIV-1 NL4-3 or IIIB (MOI = 1) for 7 days, followed by the treatment with SBE 13 HCl (60 and 80 μM). Cell samples were then subjected to the LIVE/DEAD assay. Results were calculated from three independent experiments (\*\*\*\**P* ≤ 0.0001, two-way ANOVA). (**D**) Activated primary CD4^+^ T cells were de novo infected with HIV-1 IIIB (MOI = 1) for 7 days, followed by the treatment with SBE 13 HCl (20, 40, 60, and 80 μM). Cell samples were then subjected to the LIVE/DEAD assay. Results were calculated from three replicates (\*\*\*\**P* ≤ 0.0001, two-way ANOVA). (**E** and **G**) CA5 (E) and Jurkat (G) cells stably expressing Dox-inducible PLK1 shRNAs or the nontargeting control one were incubated with Dox. Cellular lysates were then subjected to immunoblotting to confirm the knockdown of PLK1 protein. (**F** and **H**) The above CA5 (E) and Jurkat (G) cells were stimulated with ingenol, followed by the induction of shRNA expression by Dox. Cells were subjected to the LIVE/DEAD assay. Results were calculated from three independent experiments (\*\*\*\**P* ≤ 0.0001, two-way ANOVA).](aba1941-F4){#F4}

We also tested SBE 13 HCl in the scenario of HIV-1 de novo infection. Jurkat cells were infected with wild-type HIV-1 NL4-3 or IIIB viruses, followed by the treatment of SBE 13 HCl. The LIVE/DEAD assay showed that SBE 13 HCl causes more drastic cell death of HIV-1--infected cells in a dose-dependent manner, compared to DMSO ([Fig. 4C](#F4){ref-type="fig"}). SBE 13 HCl alone elicited negligible cytotoxicity in these cells at the dose used (60 μM). At the higher dose (80 μM), SBE 13 HCl was able to induce the death of almost all cells, although it alone only caused moderate cytotoxicity in uninfected Jurkat cells. SBE 13 HCl was further tested in the activated naïve primary CD4^+^ T cells that were challenged with HIV-1 IIIB viruses. Consistently, SBE 13 HCl exhibited a dose-dependent effect to promote the death of HIV-1--infected primary cells ([Fig. 4D](#F4){ref-type="fig"}). Consistent data in HIV-1--infected Jurkat (fig. S6C) and primary CD4^+^ T cells (fig. S6E) were also observed using the ATP-based assay. We also noticed that SBE 13 HCl treatment decreases, in a dose-dependent manner, the percentage of HIV-1 Gag p24-positive cells in Jurkat (fig. S6D) and primary CD4^+^ T cells (fig. S6F) undergoing HIV-1 de novo infection. Such an effect is unlikely due to the use of PLK1 inhibitor per se, but rather due to the killing of HIV-1--infected cells, because the fluorescent signals are significantly lost in the dead cells ([@R38]). It seems that the use of SBE 13 HCl at the higher dose (80 μM) led to the death of cells more than HIV-1--infected ones (\~55% of infectivity, estimated from earlier results, [Fig. 2D](#F2){ref-type="fig"}). We postulate that SBE 13 HCl might result in the cell death of a certain uninfected cell population. However, this is not due to the secretion of cytotoxic factors from SBE 13 HCl--treated, HIV-1--infected Jurkat cells (fig. S7). We gauged that other HIV-1--induced, uncharacterized bystander killing effects might play a role, which requires future investigation.

To supplement the results of PLK1 pharmacological inhibition, we also performed a loss-of-function analysis to confirm the role of PLK1 in supporting survival of HIV-1--infected cells. We cloned two sequence-unique PLK1 short hairpin RNAs (shRNAs), along with a nontargeting control shRNA, into the pINDUCER10 lentiviral vector, whose expression can be induced by doxycycline (Dox). CA5 or Jurkat cells stably expressing the above shRNAs were stimulated with ingenol for HIV-1 reactivation, followed by the treatment of Dox to induce shRNA expression leading to the efficient knockdown of endogenous PLK1 protein ([Fig. 4, E and G](#F4){ref-type="fig"}). However, PLK1 knockdown only led to the significant cell death in the ingenol treated CA5 cells ([Fig. 4F](#F4){ref-type="fig"}) but not Jurkat cells ([Fig. 4H](#F4){ref-type="fig"}). These genetic studies further support the notion that inhibition of PLK1 is useful to promote the cell death of HIV-1--infected cells.

Given that AURKA is elevated by HIV-1 infections and that AURKA kinase inhibitors block HIV-1--induced PLK1 elevation, we also determined whether AURKA kinase inhibitors could have a similar effect on the cell death of HIV-1--infected cells as PLK1 kinase inhibitors. However, both LIVE/DEAD and ATP-based assays showed that treatment of AURKA kinase inhibitors alisertib and tozasertib failed to promote more cell death of HIV-1--reactivated CA5 cells than Jurkat cells (fig. S8). One possible reason is that AURKA kinase inhibitors may affect other cellular signals beyond PLK1. It also supported the idea that PLK1 is a unique kinase target for enhancing the cell death of HIV-1--infected cells.

PLK1 inhibition reduces HIV-1 viral reservoirs in primary CD4^+^ T cells
------------------------------------------------------------------------

We expect that because PLK1 inhibition promotes the cell death of HIV-1--reactivated cells, it would cause the reduction of viral reservoirs in CD4^+^ T cells that are stimulated with LRAs. To test this, we used the recently reported, TZM-bl--based quantitative viral outgrowth assay (TZA) ([@R39]) to determine the impact of SBE 13 HCl in combination with LRAs on the size of viral reservoirs in resting CD4^+^ T cells isolated from HIV-1--positive, aviremic subjects ex vivo. TZA is relatively more timesaving (48 hours of coculture), less expensive (luminescence assay), and less labor-intensive (high-throughput in the 96-well format) compared to the classic quantitative viral outgrowth assay (QVOA). CD4^+^ T cells isolated from five HIV-1--positive individuals with undetectable viral load were included. From this assay, we noticed that the addition of SBE 13 HCl to ingenol leads to the significant reduction of HIV-1 viral reservoir size in CD4^+^ T cells, while SBE 13 HCl or ingenol alone had no such effect ([Fig. 5A](#F5){ref-type="fig"}). All of the tested individuals showed the consistent and robust reduction of HIV-1 viral reservoir size in CD4^+^ T cells ([Fig. 5B](#F5){ref-type="fig"}). These treatments caused negligible cytotoxicity in primary CD4^+^ T cells ([Fig. 5C](#F5){ref-type="fig"}).

![Inhibition of PLK1 reduces the size of HIV-1 latent reservoirs in CD4^+^ T cells ex vivo.\
(**A**) Primary resting CD4^+^ T cells from five HIV-1--positive, cART-treated, aviremic patients were treated with ingenol (10 nM), SBE 13 HCl (40 μM), or the combination, followed by TZA to measure the size of HIV-1 latent reservoirs. Luminescence-based IUPM was calculated and analyzed by a maximum likelihood estimation method (\**P* ≤ 0.05, one-way ANOVA). (**B**) The linked reduction of HIV-1 latent reservoir size across five subjects between two treatments (DMSO versus ingenol, DMSO versus ingenol + SBE 13 HCl, or DMSO versus SBE 13 HCl) from TZA was plotted and analyzed (\**P* ≤ 0.05, Student's *t* test). (**C**) The overall cytotoxicity of resting CD4^+^ T cells caused by the compounds used in (A) and (B) were measured by the LIVE/DEAD assay. (**D**) Resting CD4^+^ T cells from eight patients were treated with ingenol (10 nM), SBE 13 HCl (40 μM), or the combination, followed by the classic QVOA to measure the size of HIV-1 latent reservoirs. IUPM was estimated by using the same methods as TZA (\**P* ≤ 0.05, one-way ANOVA). (**E**) The linked reduction of HIV-1 latent reservoir size across eight subjects between two treatments from QVOA was plotted and analyzed (\*\**P* ≤ 0.01, Student's *t* test). (**F**) Correlation between TZA and QVOA results for the five overlapped subjects was analyzed with the statistical significance (Spearman *r* ≥ 0.70, a strong correlation; *P* ≤ 0.01, very strong significance).](aba1941-F5){#F5}

However, TZA has certain issues, such as the disproportionate correlation between the reservoir size and the estimated infectious unit per million (IUPM). Therefore, we also performed the classic QVOA ([@R40]) to confirm the effect of SBE 13 HCl on the size of HIV-1 viral reservoirs in resting CD4^+^ T cells ex vivo. By analyzing CD4^+^ T cells isolated from eight HIV-1--positive individuals with undetectable viral load, treatment of SBE 13 HCl consistently and robustly led to the reduction of reservoir size in resting CD4^+^ T cells stimulated with ingenol ([Fig. 5, D and E](#F5){ref-type="fig"}), similar to TZA. The results from QVOA and TZA for five overlapped donors showed a decent correlation ([Fig. 5F](#F5){ref-type="fig"}). Overall, from two types of viral outgrowth assays (TZA and QVOA), we observed a similar effect of SBE 13 HCl reducing the size of HIV-1 latent reservoirs ex vivo under the premise of HIV-1 reactivation by using LRAs.

PLK1-BET dual inhibitors reverse HIV-1 latency and decrease viral reservoirs
----------------------------------------------------------------------------

PLK1-BET dual inhibitors are currently under active development, because PLK1 (kinase) and BRD4 (bromodomain) are the two remarkable targets for anticancer treatment ([@R41]). Considering the relevance of BRD4 inhibition for shock as well as PLK1 inhibition for kill, we expect that such PLK1-BET dual inhibitors would be useful for the shock-and-kill HIV-1 cure approach. Initially, we screened 24 PLK1-BET dual inhibitors with novel scaffolds (UMB series) ([@R42]) to identify candidates with potent capability to reactivate latent HIV-1 in J-Lat A2 cells. We identified three candidates, UMB-151, UMB-156, and UMB-158, which have strong latency-reversing potency but weak cytotoxicity ([Fig. 6A](#F6){ref-type="fig"} and fig. S9A). UMB-151, UMB-156, and UMB-158 elicited comparable potency to reactivate latent HIV-1 in both J-Lat A2 ([Fig. 6B](#F6){ref-type="fig"}) and CA5 cells ([Fig. 6C](#F6){ref-type="fig"}) with similar CC~50~ of cytotoxicity (fig. S9, B and C). There are four other candidates---UMB-101, UMB-103, UMB-116, and UMB-152---that are equally potent to reactivate latent HIV-1 but associate with obvious cytotoxicity (fig. S9, A and F). We also demonstrated that the addition of UMB-151 (used as a representative for UMB-151, UMB-156, and UMB-158) to current LRAs, including PKC agonists (prostratin, bryostatin, and ingenol) and HDAC inhibitors (SAHA and entinostat), results in the more efficient reversal of HIV-1 latency ([Fig. 6D](#F6){ref-type="fig"}) without causing more cytotoxicity in CA5 cells (fig. S9, D and E).

![PLK1-BET dual inhibitors reactivate latent HIV-1 and reduce viral reservoirs in CD4^+^ T cells.\
(**A**) Chemical structure of PLK1-BET dual inhibitors (UMB-151, 156, 158). (**B** and **C**) HIV-1 latency-reversing effect of the above PLK1-BET dual inhibitors was titrated in J-Lat A2 (B) and CA5 (C) cells. JQ1 was used as a reference. Results were analyzed from three independent experiments. (**D**) HIV-1 reactivation in CA5 cells treated with UMB-151 and other LRAs \[prostratin (100 nM), bryostatin (1 nM), ingenol (1 nM), SAHA (1 μM), and entinostat (10 μM)\], alone or in combination, was measured by flow cytometry. Results were compared to DMSO and analyzed from three independent experiments (\*\*\*\**P* ≤ 0.0001, two-way ANOVA). (**E** and **F**) Resting CD4^+^ T cells from three patients were treated with DMSO, ingenol (10 nM) + JQ1 (1 μM), ingenol (10 nM) + UMB-158 (5 μM), or UMB-158 alone (5 μM), followed by TZA. IUPM (E) was calculated (\*\**P* ≤ 0.01, one-way ANOVA). The linked reduction of HIV-1 latent reservoir size across three subjects (F) between two treatments was plotted (\**P* ≤ 0.05, Student's *t* test). (**G**) Cytotoxicity of resting CD4^+^ T cells caused by compounds used in (E) and (F) was measured by LIVE/DEAD assay. (**H** and **I**) Resting CD4^+^ T cells from five patients were treated with compounds the same as TZA (E), followed by QVOA. IUPM (H) was calculated (\**P* ≤ 0.05, one-way ANOVA). The linked reduction of HIV-1 latent reservoir size across five subjects (I) was analyzed (\**P* ≤ 0.05, Student's *t* test). (**J**) Correlation between TZA and QVOA results for the three overlapped subjects was analyzed (Spearman *r* ≥ 0.70, a strong correlation; *P* ≤ 0.05, strong significance).](aba1941-F6){#F6}

We further determined whether PLK1-BET dual inhibitors could have a similar effect on reduction of the HIV-1 latent reservoir size similar to the PLK1-specific inhibitor, SBE 13 HCl. Initially, resting CD4^+^ T cells isolated from one HIV-1--infected, aviremic individual were treated with JQ1, UMB-151, UMB-156, UMB-158, or UMB-152 in combination with ingenol, or DMSO, followed by TZA to measure the HIV-1 latent reservoir size. Among these tested conditions, only UMB-158 led to the reduction of HIV-1 latent reservoir size (fig. S10). It is worthy to note that although UMB-152 showed much higher cytotoxicity (fig. S9, A and F), it failed to reduce HIV-1 latent reservoir size, indicating that the PLK1-BET dual inhibitor's intrinsic cytotoxicity does not correlate with its effect on reduction of HIV-1 latent reservoir size. We further confirmed such effect of UMB-158 by TZA using CD4^+^ T cells isolated from three more HIV-1--positive individuals with undetectable viral load ([Fig. 6, E and F](#F6){ref-type="fig"}). UMB-158 alone had no effect on reducing HIV-1 latent reservoir size, likely due to the fact that the PLK1-BET dual inhibitor alone was not efficient to reactivate latent HIV-1, which requires the addition of other types of LRAs. However, we confirmed that the PLK1-BET dual-inhibitor UMB-158 significantly reduces the HIV-1 latent reservoir size under the premise of HIV-1 reactivation in CD4^+^ T cells once it was combined with ingenol, without causing the obvious cytotoxicity ([Fig. 6G](#F6){ref-type="fig"}). We also confirmed such effect of UMB-158 by classic QVOA using CD4^+^ T cells isolated from five donors ([Fig. 6, H and I](#F6){ref-type="fig"}). The results from QVOA and TZA for three overlapped donors correlated well ([Fig. 6J](#F6){ref-type="fig"}). To conclude, similar to the PLK1-specific inhibitor SBE 13 HCl, the PLK1-BET dual-inhibitor UMB-158 has the potential to efficiently reduce the size of HIV-1 latent reservoirs ex vivo under the premise of HIV-1 reactivation by using LRAs.

DISCUSSION
==========

Although two cases of HIV-1 cure through hematopoietic stem cell transplantation have been reported ([@R43], [@R44]), the shock-and-kill approach remains one of the most investigated HIV-1 cure strategies that can potentially be applied to the general AIDS population. However, the shock-and-kill approach still faces serious barriers, including the failure to eliminate HIV-1 viral reservoirs despite the successful reversal of HIV-1 latency ([@R7]). On the other hand, the approach to boost immune system, mostly CTLs, for the clearance of HIV-1 reservoir cells is still at the infant stage and needs to be further improved ([@R7], [@R9]). Under this circumstance, several recent studies tried to investigate the cellular mechanisms that contribute to the maintenance of HIV-1 viral reservoirs in host cells. One study demonstrated that retinoic acid-inducible gene-I (RIG-I) determines the status of HIV-1 latent reservoirs, and that acitretin, an FDA (U.S. Food and Drug Administration)--approved retinoic acid (RA) derivative, enhances the RIG-I activity and thus facilitates the killing of reservoir cells through apoptosis ([@R45]). However, this work was recently challenged by a follow-up study eliciting that such effect of acitretin is inconsistent and poor ([@R46]). Other studies directly focused on the key regulators of apoptosis, which indicated that HIV-1--infected cells, with either HIV-1 de novo infection or HIV-1 reactivation from latency, can be selectively eliminated by either inhibiting anti-apoptotic factors (Bcl-2, Survivin) or second mitochondria-derived activator of caspases (SMAC) using venetoclax (Bcl-2 inhibitor), YM155 (Survivin inhibitor), or SMAC mimetics, respectively ([@R11]--[@R13]). However, it remains unaddressed how these general apoptotic regulators play a distinguished role in regulating cell survival of HIV-1--infected versus uninfected cells.

In our study, we demonstrated that HIV-1 infections, both HIV-1 de novo infection and HIV-1 reactivation from latency, uniquely increase PLK1 protein level through enhancing its SUMOylation in a Nef-associated, PI3K and AURKA-dependent manner, and that PLK1-specific and PLK1-BET dual inhibitors are effective to preferentially promote cell death of HIV-1--infected cells as well as reduce HIV-1 latent reservoirs in CD4^+^ T cells ([Fig. 7](#F7){ref-type="fig"}). Furthermore, the effect of PLK1 pharmacological inhibition on death of HIV-1--reactivated cells ([Fig. 4, A and B](#F4){ref-type="fig"}, and fig. S6, A and B) was also confirmed by knockdown of PLK1 using its Dox-inducible shRNAs ([Fig. 4, E to H](#F4){ref-type="fig"}). HIV-1 persists at the anatomical sanctuary sites as the latently infected proviruses that undergo spontaneous reactivation or even replicates at the low level ([@R14]), and we expect that PLK1 inhibition can facilitate the elimination of these two types of reservoir cells, especially with the aid of LRAs to purge latent HIV-1 ([Figs. 4](#F4){ref-type="fig"} to [6](#F6){ref-type="fig"}). Our ex vivo, short-term TZA and QVOA evaluation of PLK1 inhibitors (SBE 13 HCl, UMB-158) using primary resting CD4^+^ T cells isolated from HIV-1--infected, aviremic subjects showed that these compounds by themselves fail to reduce HIV-1 latent reservoirs ([Figs. 5, A, B, D, and E](#F5){ref-type="fig"}, and [6, E, F, H, and I](#F6){ref-type="fig"}). It is likely due to the fact that SBE 13 HCl alone was unable to reactivate latent HIV-1 (fig. S5, A and E) while the latency-reversing potency of UMB-158 alone was not efficient in CD4^+^ T cells ([Fig. 6, B and C](#F6){ref-type="fig"}, and fig. S9A). The cytotoxicity of these compounds is quite minimal ([Figs. 4, A and B](#F4){ref-type="fig"}, [5C](#F5){ref-type="fig"}, and [6G](#F6){ref-type="fig"} and figs. S5, B to F, S6, A and B, and S9, A to C). On the other hand, LRAs alone failed to reduce HIV-1 latent reservoirs by themselves as well ([Figs. 5, A, B, D, and E](#F5){ref-type="fig"}, and [6](#F6){ref-type="fig"}, E, F, H, and I, and fig. S10A), although some of them have certain cytotoxicity ([Figs. 5C](#F5){ref-type="fig"} and [6G](#F6){ref-type="fig"} and fig. S10B). Overall, these results suggest that pharmacological inhibition of PLK1 requires HIV-1 reactivation or active replication that can induce a certain level of CPEs to efficiently promote cell death of reservoir cells and render the reduction of HIV-1 latent reservoir size. Thus, PLK1 inhibitors need to be combined with other LRAs to achieve this goal. In addition, we found that most of the tested LRAs actually reduce PLK1 protein level in Jurkat cells ([Fig. 1F](#F1){ref-type="fig"}), which can be restored by LRA-induced HIV-1 reactivation ([Fig. 1E](#F1){ref-type="fig"}). This could be one reason to explain that although the use of LRAs leads to certain cytotoxicity, HIV-1 reactivation-induced PLK1 elevation may counteract this effect, preventing LRA-mediated killing. We also noticed that the optimized dose of SBE 13 HCl and UMB-158 is different, which may be due to their distinct efficiency of PLK1 inhibition. The UMB series of PLK1-BET dual inhibitors still have a space for improvement by increasing the efficiency of both PLK1 and BET inhibitions, so that such a compound alone can be used for both shock and kill.

![Inhibition of PLK1 for elimination of HIV-1 viral reservoirs in CD4^+^ T cells ex vivo.\
Both HIV-1 de novo infection and reactivation from latency increase the protein level of PLK1, mediated by HIV-1 Nef protein via the signaling pathways involving the PI3K and/or AURKA kinases. HIV-1--induced elevation of PLK1 protein is through enhancing PLK1 SUMOylation that leads to its protein stabilization (by preventing PLK1 ubiquitination) and nuclear accumulation. Activation of CDK1, a downstream kinase of PI3K, was shown to induce phosphorylation of UBC9, a SUMO-conjugating enzyme, causing PLK1 SUMOylation ([@R36]). Because PLK1 plays a critical role in supporting cell survival, its induction and nuclear accumulation due to HIV-1 infections could counteract the viral CPEs and resist its killing of reservoir cells, thus benefiting the maintenance of HIV-1 viral reservoirs. Therefore, pharmacological inhibition or depletion of PLK1 could synergize with viral CPEs that occur at both conditions of HIV-1 de novo infection and reactivation from latency, and promote the death of HIV-1--reactivated and infected cells and reduce HIV-1 viral reservoirs in CD4^+^ T cells. Ub, ubiquitination. P, phosphorylation. S, SUMOylation.](aba1941-F7){#F7}

Our investigation of viral factors contributing to HIV-1--induced PLK1 elevation identified that HIV-1 Nef is required for such phenomenon ([Fig. 2, I and J](#F2){ref-type="fig"}; fig. S2), which likely increases PLK1 protein through the cellular signaling pathways that involve PI3K and AURKA (fig. S3). AURKA kinase inhibitors were able to block HIV-1--induced PLK1 elevation, but they failed to promote the death of HIV-1--infected cells (fig. S8). One explanation is that pharmacological inhibition of AURKA may generate some adverse effect that compensates for their block of HIV-1--induced PLK1 elevation and prevents cell death, because AURKA is also involved in various other cellular signals ([@R24]). Moreover, certain AURKA kinase inhibitor (alisertib) up-regulated PLK1 expression (fig. S3, G to I) and the increased PLK1 protein level may actually protect HIV-1--infected cells from death. In addition, these results also suggest that PLK1 is a unique host kinase that can be inhibited for the shock and kill to reduce HIV-1 viral reservoirs, while inhibition of other relevant kinases, such as AURKA, may not necessarily cause the same effect, and that the cytotoxicity caused by these kinase inhibitors does not necessarily correlate with their effect on reduction of HIV-1 viral reservoirs. Our results also showed that HIV-1 infections specifically enhance PLK1 SUMOylation ([Fig. 3, D and E](#F3){ref-type="fig"}), which has been reported to cause PLK1 protein accumulation in nuclei as well as reduction of PLK1 ubiquitination and its proteasome-dependent degradation ([@R36]). We confirmed these events by our own studies in the scenario of HIV-1 infections ([Fig. 3, D and E](#F3){ref-type="fig"}, and fig. S4). Furthermore, we are the first one to show that the PLK1 inhibitor SBE 13 HCl blocks PLK1 SUMOylation ([Fig. 3, F and G](#F3){ref-type="fig"}). This may explain why PLK1, not other relevant kinases, is uniquely associated with HIV-1 infections. However, we identified that the phosphorylation status of the studied kinases, especially phospho-PLK1-T210, which is essential for its activation in cell cycle progress, is not increased by HIV-1 reactivation from latency or HIV-1 de novo infection, although the protein level of the upstream kinase, AURKA, is up-regulated by HIV-1 (fig. S3, D to F). These data support the idea that the roles of PLK1 in maintenance of cell survival and supervision of cell cycle progress are distinct and subjected to different regulations. We can at least conclude that PLK1 is crucial for maintaining the survival of HIV-1 reservoir CD4^+^ T cells despite HIV-1 infection--induced CPEs.

There are several related issues that remain to be addressed. We noticed that not all HIV-1--infected cells induce PLK1 protein elevation from the immunostaining analysis ([Figs. 1B](#F1){ref-type="fig"} and [2, D and H](#F2){ref-type="fig"}, and fig. S3, A, C, G, and I). We believe that for the induction of PLK1 protein elevation, HIV-1 Nef protein expressed from HIV-1 proviruses perhaps needs to reach a certain threshold. That could be one reason that not all reactivated or de novo infected HIV-1 can lead to a robust induction of PLK1 protein. In addition, the activation status of cellular signaling, such as PI3K and AURKA, could vary at the single-cell base as well, which would also affect HIV-1--induced PLK1 protein elevation. Technically, the immunofluorescence-based analysis of PLK1 may have a certain detection limit. These speculations will likely be addressed in the future using the single cell--based approaches to investigate the relationship of HIV-1 infection with cellular PLK1 signaling. It is noteworthy that PKC agonists, such as ingenol, cause low level of T cell activation, which may complicate the measurement of the reservoir size. Similar types of LRAs include TLR agonists and NF-κB activators, which are efficient to reverse HIV-1 latency even in vivo ([@R47], [@R48]) but cause low level of T cell activation as well. Some other LRAs, such as HDAC inhibitors (SAHA) and BET inhibitors (JQ1), do not activate CD4^+^ T cells, but their efficiency to reactivate latent HIV-1 is low to moderate, especially for primary peripheral CD4^+^ T cells isolated from AIDS aviremic patients ex vivo ([@R28], [@R49]), which probably would not be ideal LRAs to combine with PLK1 inhibitors. In the future, the combination of our PLK1 inhibitors (SBE 13 HCl and UMB-158) with the panel of all the above LRAs shall be carefully characterized. If identified, other LRAs that can efficiently reactivate latent HIV-1 without causing CD4^+^ T cell activation shall be used together with PLK1 inhibitors to generate better and safer results. In our studies, the size of HIV-1 latent reservoirs was solely estimated by viral outgrowth assays (TZA and QVOA). Although this approach is standard, it is based on the production of viral particles induced by reactivation and may underestimate the reservoir size. On the contrary, polymerase chain reaction (PCR)--based DNA assays directly quantify HIV-1 proviral DNAs and serve as an important alternative approach, especially those that allow the quantification of intact HIV-1 proviruses ([@R50]). We did not evaluate PLK1 inhibitors using PCR-based DNA assays, but other studies have shown that the reservoir size estimated by viral outgrowth assays strongly correlates with that measured by PCR-based DNA assays ([@R39], [@R50], [@R51]). Nevertheless, it might be a better practice to combine both viral outgrowth and DNA assays for a more comprehensive evaluation in the future. In addition, PLK1 inhibitors were unable to completely eliminate HIV-1 latent reservoirs ([Figs. 5, A, B, D, and E](#F5){ref-type="fig"}, and [6, E, F, H, and I](#F6){ref-type="fig"}, and fig. S10A), which might be linked to the fact that not all HIV-1--infected cells induce PLK1 protein elevation. This is the limitation of these compounds, suggesting that other killing approaches, such as immunotherapies using the cytotoxic T lymphocytes (CTLs) ([@R7]), might be needed to combine with PLK1 inhibitors for an ultimate clearance of HIV-1 latent reservoirs, guaranteed for future investigation. Nevertheless, our results undoubtedly showed that PLK1 inhibitors (SBE 13 HCl and UMB-158) significantly reduce the size of HIV-1 latent reservoirs in resting CD4^+^ T cells isolated from multiple AIDS aviremic patients ex vivo. It is encouraging to launch a more profound analysis, especially in vivo studies including the use of humanized mouse models of HIV-1 infection, for the further evaluation of such potential of PLK1 inhibitors.

Overall, our results recognize that PLK1 is a unique host kinase that is induced by HIV-1 infections and supports the survival of HIV-1--infected cells, and that pharmacological inhibition of PLK1 can be combined with the use of LRAs for the shock-and-kill approach to efficiently eliminate HIV-1 viral reservoirs and ultimately reach a cure of HIV-1. In addition, people currently living with HIV-1 are getting older and are statistically at a higher risk, compared to their HIV-free counterparts, of developing cancer, including AIDS-defining cancers (ADCs), such as Kaposi sarcoma (KS), primary central nervous system lymphoma (PCNSL), cervical carcinoma, and non-Hodgkin lymphoma (NHL) ([@R52]), as well as non-ADCs (NADCs), such as lung, liver, anal, oral cancers, and Hodgkin lymphoma ([@R53]). Numerous types of these ADCs and NADCs correlate with abnormal elevated expression of PLK1 ([@R54], [@R55]). Therefore, PLK1 inhibitors can be considered for treating these AIDS-related cancers to reduce the morbidity and mortality, beyond their effect on reducing HIV-1 viral reservoirs.

MATERIALS AND METHODS
=====================

Cells culture
-------------

Human CD4^+^ T cell lines, Jurkat, J-Lat A2, J-Lat 10.6, and MOLT-4 CCR5^+^, were obtained from the National Institutes of Health (NIH) AIDS reagent program. The Jurkat-derived CA5 cell line latently infected with replication-competent, full-length HIV-1 genome was provided by O. Kutsch (University of Alabama). All of the T cell lines were maintained in RPMI 1640 medium (RPMI basic, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS) and 1× penicillin-streptomycin solution (Corning). G418 (1 mg/ml; Gibco) was supplemented to culture MOLT-4 CCR5^+^ cells. Primary cells including patient peripheral blood mononuclear cells (PBMCs), healthy PBMCs, naïve CD4^+^ T cells, activated CD4^+^ T cells, and resting CD4^+^ T cells were maintained in RPMI complete medium (RPMI basic, 1× minimum essential medium nonessential amino acid solution, 1× sodium pyruvate, and 20 mM Hepes). Human recombinant IL-2 (rIL-2, Roche) at 30 U/ml was supplied to primary cells every 2 days. All cryopreserved primary cells were thawed and incubated in RPMI complete medium for 3 days for the thorough recovery before any following treatments. Naïve CD4^+^ T cells were seeded on a 96-well Nunc-Immuno Maxi Sorp plate (Thermo Fisher Scientific) precoated with soluble anti-CD3/CD28 antibodies (eBioscience, Invitrogen) for 3 days to obtain the activated status. Adherent HEK293T, MAGI-HeLa, TZM-bl cell lines were maintained in Dulbecco's modified Eagle's medium containing 10% FBS and 1× penicillin-streptomycin solution.

Compounds and antibodies
------------------------

DMSO was obtained from Fisher Scientific. ingenol 3-angelate (also known as PEP005; "ingenol" was used in this study) was purchased from Santa Cruz Biotechnology. Bryostatin-1 ("bryostatin" was used in this study), prostratin, JQ1, and the proteasome inhibitor MG132 were purchased from Sigma-Aldrich. Vorinostat (SAHA), entinostat, LY294002, wortmannin, 3-MA, alisertib, tozasertib, and SBE 13 HCl were purchased from Selleck Chemicals. Recombinant human TNFα was purchased from BD Biosciences. Human TGF-β1 recombinant protein was purchased from R&D Systems. Recombinant HIV-1 Nef protein (rNef) and cART compounds (nevirapine, raltegravir, zidovudine, and efavirenz) were provided by NIH AIDS reagent program. The UMB series of PLK1-BET dual inhibitors were synthesized according to an earlier publication ([@R42]). The following antibodies were used in this study. Anti-PLK1 was purchased from Sigma-Aldrich. Anti--glyceraldehyde-3-phosphate dehydrogenase (GAPDH), anti-PLK2, anti-PLK4, goat anti-rabbit horseradish peroxidase (HRP)--conjugated secondary antibody, normal mouse IgG, and anti-Bora were purchased from Santa Cruz Biotechnology. Anti-CD3, anti-CD28, Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 647 goat anti-mouse IgG, goat anti-mouse HRP-conjugated secondary antibody, anti--HIV-1 Nef, and anti--SUMO-1 antibodies were purchased from Invitrogen. Anti-IL-4 and anti--IL-12 were purchased from R&D Systems. HIV-1 Gag p24 IgG~1~ monoclonal antibody was produced from hybridoma cell line (NIH AIDS reagent program). Mouse IgG~2b~ isotype and mouse IgG~1~ isotype were purchased from Abcam. Anti-histone H3 was purchased from Active Motif. Biotin-labeled antihuman CD25, antihuman CD69, and antihuman HLA-DR were purchased from Miltenyi Biotec. Anti-AURKA and anti--phospho-AURKA (T288) were purchased from Cell Signaling Technology. Anti--phospho-PLK1 (T210) was purchased from BD Biosciences. For some primary antibodies, they were labeled with isotype-specific fluorophores by using Zenon Alexa Fluor 488 Mouse IgG~1~ Labeling Kit or Zenon Alexa Fluor 647 Mouse IgG~2b~ Labeling Kit (Invitrogen) following the manufacturer's instructions. Fluorophore-labeled primary antibodies were mixed for dual-color intracellular staining.

HIV-1 infection
---------------

HIV-1 NL4-3 wild-type, HIV-1 NL4-3 ∆Nef, and HIV-1 IIIB wild-type viruses were provided by NIH AIDS reagent program. HIV-1 NL4-3 wild-type and ∆Nef viruses were produced by transfecting HEK293T cells with TurboFect Transfection Reagent (Thermo Fisher Scientific) according to the manuals. Supernatant containing infectious virions was harvested at 48 hours after transfection. HIV-1 IIIB viruses were propagated in activated primary CD4^+^ T cells. Envelope-deficient DHIV backbone plasmid was provided by Vicente Planelles ([@R27]). VSV-G pseudo-typed DHIV viruses were prepared by cotransfecting HEK293T cells with DHIV vector and pMD2.G-VSV-G (Addgene) plasmids. Supernatant was harvested at 48 hours after transfection. Supernatant containing viruses was centrifuged to remove cellular debris, filtrated with 0.45-μm membrane filters, and stored at −80°C. Viral stocks were titrated by using quantitative reverse transcription PCR (qRT-PCR) (Clontech) or Gag p24 enzyme-linked immunosorbent assay (Advanced BioScience Laboratories). HIV-1 NL4-3, HIV-1 NL4-3 ∆Nef, and IIIB viruses were used for infection at multiplicity of infection (MOI) = 1, and DHIV viruses were used at different concentrations (100 ng/ml for the establishment of primary CD4^+^ T cell models of HIV-1 latency, and 20 ng/ml for the de novo infection in Jurkat cells). Residual inoculum was washed away at 24 hours after infection. Spinoculation was performed in a 15-ml conical centrifuge tube (Falcon) with 1 ml of antibiotic-free medium containing 1 × 10^6^ cells at 1741*g* at 37°C for 2 hours.

Establishment of HIV-1 latency in human primary CD4^+^ T cells
--------------------------------------------------------------

A primary CD4^+^ T cell model of HIV-1 latency was used as previously described with slight modifications ([@R27]). Human primary CD4^+^ T cells (Lonza) were stimulated on a 96-well Nunc-Immuno Maxi Sorp plate precoated with soluble anti-CD3/CD28 antibodies in RPMI complete medium containing TGF-β1 (10 ng/ml), antihuman IL-12 (2 μg/ml), and antihuman IL-4 (R&D Systems) (1 μg/ml). At day 3, the naïve cells were considered to be nonpolarized and differentiated into a T~CM~-like phenotype and were cultured in RPMI complete medium. Human rIL-2 (30 U/ml) was supplemented. At day 7, the T~CM~-like cells were infected with VSV-G pseudo-typed DHIV (100 ng/ml) through spinoculation, followed by 10-day incubation to allow the establishment of HIV-1 latency. HIV-1 LRAs as well as anti-CD3/CD28 antibodies were used to treat cells for 3 days to reactivate integrated, latently infected HIV-1 proviruses. Cells were then harvested.

Isolation of primary resting CD4^+^ T cells from human PBMCs
------------------------------------------------------------

Cryopreserved PBMCs from healthy donors (STEMCELL Technologies) or HIV-1--positive, aviremic individuals with undetectable viral load were cultured in the RPMI complete medium, supplemented with human rIL-2 (30 U/ml), in the presence of nevirapine (600 nM). Resting CD4^+^ T cells were isolated by using the CD4^+^ T cell isolation kit (Miltenyi Biotec), including the negative depletion of cells expressing CD25, CD69, or HLA-DR. Biotin-CD25, CD69, and HLA-DR antibodies (Miltenyi Biotec) were used together with a cocktail of biotin-conjugated antibodies targeting non-CD4^+^ T cells, which were magnetically depleted by using the CD4^+^ T Cell MicroBead cocktail following the manufacturer's instructions.

Protein immunoblotting and immunoprecipitation
----------------------------------------------

Cells were harvested, washed twice with 1× D-PBS (Sigma-Aldrich), and pelleted for protein extraction by using 1× radioimmunoprecipitation assay (RIPA) buffer (Upstate, EMD Millipore) containing broad-spectrum protease inhibitors (Thermo Fisher Scientific). Protein concentrations were determined by a BCA protein assay kit (Thermo Fisher Scientific), followed by the electrophoresis on 4 to 20% Tris-Glycine mini gels (Invitrogen). The separated proteins were then transferred to PVDF membranes by an iBlot 2 system (Invitrogen). The membranes were blocked with nonfat milk and incubated overnight with primary antibodies at 4°C with constant rocking. The membranes were washed with 1× PBS-Tween (PBST) and further incubated with secondary antibodies. The membranes were thoroughly washed with 1× PBST and incubated with Clarity Max Western ECL Substrate (Bio-Rad). The immunoblotting images were captured by a FluorChem E imaging system (ProteinSimple). An AlphaView software was used to quantify the intensity of protein bands, which were normalized to the internal loading controls. To determine the PLK1 SUMOylation, endogenous PLK1 was IPed. Pierce Protein A/G Magnetic Beads (Thermo Fisher Scientific) were prewashed with 1× RIPA buffer containing broad-spectrum protease inhibitors. Cellular lysates were precleared with empty magnetic beads for 1 hour at 4°C on a 360° tube rocker. Anti-PLK1 or control IgG antibody was mixed with cellular lysates for incubation overnight at 4°C with constant rotation. New prewashed magnetic beads were added into cellular lysates for another incubation at 4°C for 1 hour with rotation, followed by the centrifugation to collect magnetic beads. Beads containing protein immunocomplexes were washed and subjected to immunoblotting.

Immunofluorescence microscopy
-----------------------------

MAGI-HeLa cells were seeded at a density of 4000 cells per well on a 96-well culture plate 1 day before the infection. Cells were infected with HIV-1 IIIB viruses (MOI = 1) for another 3 days. Cells were then fixed with 4% paraformaldehyde at room temperature (RT) for 10 min, followed by permeabilization with 0.2% Triton X-100 at RT for 15 min. The fixed cells were blocked with 1× D-PBS containing 5% FBS for 1 hour at RT and incubated with the primary antibodies in 1× D-PBS containing 2.5% FBS overnight at 4°C. Alexa Fluor 488-- or Alexa Fluor 647--conjugated secondary antibodies were then added to cells for another incubation for 1 hour at RT with constant rocking. Nuclei were stained with 4′,6-diamidino-2-phenylindole dye (Invitrogen) for 10 min at RT. Immunostained cells were imaged by using a Cytation 5 multimode reader (BioTek). The mean fluorescence intensity (MFI) and the percentages of GFP-positive cells in each well were quantified by using Gen5 Image^+^ software (BioTek). For confocal microscopy, MAGI-HeLa cells at 2 × 10^4^ cells per well were seeded on a 24-well culture plate containing circular cover glasses (13 mm) 1 day before the infection. Cells were infected with HIV-1 IIIB, fixed, and permeabilized. The fluorescence-labeled primary antibodies were added to cells for immunostaining. The cover glasses containing cells were mounted onto a microscope slide with ProLong Glass Antifade Mountant (Invitrogen), followed by incubation overnight at 4°C in the dark. Images were acquired using a ZEISS LSM 700 Upright laser scanning confocal microscope with a ZEN imaging software (ZEISS). The MFI of protein expression (cytoplasm versus nucleus) was statistically analyzed by the ImageJ software (NIH).

Flow cytometry
--------------

HIV-1 latency cell lines, J-Lat A2, J-Lat 10.6, and CA5 containing integrated, GFP reporter--fused viral genomes, were seeded at 5 × 10^5^ cells/ml and treated with various compounds for 24 to 48 hours. Cells were harvested, washed twice with 1× D-PBS, and analyzed using an Accuri C6 Plus flow cytometer (BD Biosciences) with forward versus side scatter (FSC-A versus SSC-A) gating. For cells that need one-color immunostaining, 1 × 10^6^ cells were washed twice with 1× D-PBS and fixed with 4% paraformaldehyde at RT for 20 min. Pelleted cells were washed and permeabilized with saponin-containing 1× Perm/Wash buffer (BD Biosciences) according to the manufacturer's protocols. Cells were incubated with indicated primary antibodies diluted in 1× Perm/Wash buffer overnight at 4°C, followed by the incubation with fluorophore-conjugated secondary antibodies for 1 hour at RT in the dark. Fluorescence-stained cells were washed three times with 1× Perm/Wash buffer. The staining buffer \[1× D-PBS with 2% bovine serum albumin (BSA)\] was added to resuspend cells, followed by flow cytometry analysis using the BD Accuri C6 Plus with corresponding optical filters. For cells that need dual-color immunostaining, primary antibodies were labeled separately with Zenon Labeling Kits (Invitrogen), mixed, and incubated with permeabilized cells in 1× Perm/Wash buffer for 30 min at RT. Fluorescence-stained cells were analyzed by flow cytometry. The MFI and the percentage of fluorescence-positive cells were determined by using the FlowJo V10 software.

Nucleus and cytoplasm extraction
--------------------------------

CA5 and Jurkat cells were treated with TNFα (10 ng/ml) for 48 hours at a 37°C incubator. Cells (2 × 10^6^) were collected, washed twice with 1× D-PBS, and subjected to nucleus and cytoplasm extraction by using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific) following the manufacturer's instructions. Total proteins in the whole cell lysates (W) from the same number of cells were extracted using 1× RIPA buffer. Extracted nuclear (N) and cytoplasmic (C) proteins as well as the whole cell lysate (W) proteins were denatured by 2× SDS sample buffer (Invitrogen) and subjected to immunoblotting analysis with equal loading of extracts. Anti-GAPDH and anti-histone H3 antibodies were used as internal controls to determine the cytoplasmic and nuclear fractions, respectively.

Cell viability assay
--------------------

The cytotoxicity of compounds was determined by using the ATP-based CellTiter-Glo Luminescent Cell Viability Assay (Promega) and analyzed by the Cytation 5 multimode reader (luminescent mode). CC~50~ was plotted and calculated by using the GraphPad Prism 6.0 software. Death of virus-infected or compound-treated cells was determined by using the LIVE/DEAD Fixable Far Red Dead Cell Stain Kit (Invitrogen) and analyzed by the BD Accuri C6 Plus (flow cytometry).

Quantitative reverse transcription PCR
--------------------------------------

Quantitative reverse transcription PCR (RT-qPCR) was used to measure the transcriptional levels of studied genes. Briefly, the total RNAs were extracted from cells by using the RNeasy Mini Kit (QIAGEN), followed by the reverse transcription by using the iScript cDNA Synthesis Kit (Bio-Rad). RT-qPCR was performed by using the iTaq Universal SYBR Green Supermix (Bio-Rad) on a CFX Connect Real-Time PCR System (Bio-Rad) as previously described ([@R56]). The following primers were used in this study: 5′-GAC GCT CTC GCA CCC ATC TC-3′ (HIV-1 *gag*, forward), 5′-CTG AAG CGC GCA CGG CAA-3′ (HIV-1 *gag*, reverse), 5′-TGC TCA AGC CGC ACC AGA-3′ (PLK1, forward), 5′-CCA ACA CCA CGA ACA CGA-3′ (PLK1, reverse), 5′-GCC TCT TGT CTC TTA GAT TTG GTC-3′ (GAPDH, forward), and 5′-TAG CAC TCA CCA TGT AGT TGA GGT-3′ (GAPDH, reverse).

Knockdown of PLK1 using its Dox-inducible shRNAs
------------------------------------------------

The expression of endogenous PLK1 was knocked down in CA5 and Jurkat T cells by its shRNAs expressed from the pINDUCER10 Dox-inducible lentiviral vector, according to the reported protocol ([@R57]). Briefly, two sequence-unique shRNAs targeting PLK1 (sh-1: 5′-CGA TAC TAC CTA CGG TAA ATT-3′, sh-2: 5′-GTT CTT TAC TTC TGG CTA TAT-3′) and one control shRNA targeting firefly luciferase (shNT: 5′-CAC AAA CGC TCT CAT CGA CAA G-3′) were cloned into the pINDUCER10 vector, which was co-transfected into HEK293T cells with psPAX2 (Addgene) and pMD2.G-VSV-G for production of lentiviruses. CA5 or Jurkat cells were transduced with these lentiviruses, followed by the stable selection and continuous culture in the RPMI medium containing puromycin (1 μg/ml; Gibco). The shRNA stably transduced cells were treated with Dox (5 μg/ml) (Fisher Scientific) for 4 days to induce shRNAs expression.

TZM-bl--based QVOA
------------------

The recently reported TZA was used to measure the HIV-1 reservoir size as previously described ([@R39]). Resting CD4^+^ T cells isolated from HIV-1--infected, aviremic subjects were treated with LRAs (ingenol or ingenol + JQ1) or PLK1 inhibitors (SBE 13 HCl or UMB-158), alone or in combination, for 48 hours at 37°C. Cells were stimulated with human anti-CD3/CD28 Dynabeads (Gibco) for 4 days in RPMI complete medium containing efavirenz (300 nM). Cells were washed thoroughly with the medium, counted, serially diluted (fourfold), and cocultured with fresh TZM-bl cells seeded on 96-well plates (four replicates for each dilution). Uninfected resting CD4^+^ T cells from healthy donors were treated similarly in parallel as controls. At 48 hours after co-culturing, TZM-bl cells were harvested for luciferase activity assay (One-Glo System, Promega). Chemiluminescence was determined by using the Cytation 5 multimode reader. Signal from the well containing cells from HIV-1--positive subjects was counted as positive if it exceeded the mean ± 2 SD of the output obtained from the control well (HIV-1--negative subjects). The IUPM representing HIV-1 reservoir size was determined by applying the maximum likelihood estimate via an online tool available at <http://silicianolab.johnshopkins.edu/>, which was developed by Rosenbloom *et al*. ([@R58]).

Classic QVOA
------------

The standard QVOA was performed as previously described ([@R40]) with slight modifications. In brief, resting CD4^+^ T cells were isolated, serially diluted (fivefold), and incubated with indicated LRAs and/or PLK1 inhibitors for 48 hours, similar to TZA. cART drugs \[raltegravir (200 nM), zidovudine (180 nM), and efavirenz (100 nM)\] were added throughout the entire viral outgrowth assay to block the re-infection of released viral particles. Compounds were washed away, and cells were stimulated with human anti-CD3/CD28 Dynabeads for 4 days. To carry viral outgrowth, MOLT-4 CCR5^+^ cells were cocultured with resting CD4^+^ T cells for 14 days. The supernatant was harvested for detection of released viral particles, by using the ultrasensitive nested RT-qPCR assay as previously described ([@R56]). The IUPM was estimated by analyzing the data from three replicates for each donor, similar to TZA.

Human subjects
--------------

Peripheral whole blood from HIV-1--positive, cART-treated, aviremic patients (viral RNA level ≤ 20 copies/ml; table S1) recruited through the AIDS clinic at the Strong Memorial Hospital of University of Rochester Medical Center (Rochester, NY) was donated via leukapheresis. PBMCs were isolated using the Ficoll-Hypaque gradient method previously described ([@R56]).

Statistics
----------

The data were statistically analyzed by using the unpaired, two-tailed Student's *t* test or the one-way/two-way analysis of variance (ANOVA). Variables were compared among the outcomes, and the *P* values below 0.05 were considered significant. Correlation analysis was computed by using the Spearman's rank correlation coefficient (*r*) with two-tailed statistical significance (*P*). All of the statistics, presented as means ± SD, were performed by using GraphPad Prism 6.0 software.

Study approval
--------------

Written informed consent from the human subjects was received for this study before the enrollment. This study was approved by the University of Rochester Research Subjects Review Board (\#RSRB00053667) and The Ohio State University Institutional Review Board (\#2018H0161).
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